The melody of the immature brain
The rhythm and melody of a piece of music is only conveyed successfully by an orchestra when each note is precisely timed, and when each instruments 'voice' is synchronized. The brain can also be considered an orchestra, with different brain regions representing 'instruments' , and each neuron being a precisely timed note. As in an orchestra, these components must coordinate their parts to create a meaningful 'melody' . Since Hans Berger (1929) pioneered electroencephalographic (EEG) recordings, brain rhythms have gradually emerged as a focus of neuroscience research. These rhythms cover a large spectrum of frequencies (from <0.1 Hz to >300 Hz), and not only reflect a specific brain state, but also act as a neural code. This energy-efficient strategy allows precise representations and diverse functions by enabling neuronal communication within and across brain regions [3] .
While extensively investigated in the adult brain, oscillatory brain activity emerges very early in life, and is already present in utero. Due to the similar behavior and brain function between the fetus and age-matched premature neonates, EEG recordings in premature infants mirror fetal brain activity. However, its characterization during this very early developmental stage was hampered not only by the fact that very premature infants are highly prone to abnormal outcomes, but also by the variability of interpretation/ analysis and the absence of agreement in the literature. In spite of these difficulties, EEG recordings from premature infants demonstrated that in contrast to the adult brain, the neonatal EEG is characterized by a highly discontinuous and fragmented temporal organization [11] . Bursts of cerebral activity alternate with interburst intervals (IBI) lacking any activity (. Fig. 1 ). The duration of these bursts increase continuously from the 24th to 30th postconceptional week and the IBI become shorter with age. Abnormally long IBI towards the end of this phase correlate with a poor neurological prognosis. The premature infant EEG trace differs from the adult not only in its discontinuous aspect, but also with regard to its fine scale properties. Some of the rhythmic patterns of activity in premature infants are specific to particular gestational ages. From the 24th to the 27th postconceptional week the dominant pattern of activity is the slow delta wave, with frequencies ranging from 0.3-2 Hz and similar properties over temporal and occipital areas. Over frontal areas, delta waves with a different morphology, including occasionally a superimposed high frequency component, have been described. From the 28th postconceptional week to near term, similar waves with a higher theta or alpha-beta frequency component accompanied the slow delta waves in all cortical areas, and have been defined as delta brushes. These co-occur with several other patterns of synchronized activity, such as bursts of sharp theta rhythms that become more predominant with ongoing maturation and the differentiation of sleep cycles.
EEG and field potential recordings from fetal monkeys, newborn cats, and ferrets at ages mirroring the stage of human brain development during the second and third trimesters of gestation revealed a similar discontinuous organization of early activity patterns. The identification and characterization of early activity patterns in neonatal rodents were initially hampered by technical difficulties (e.g., size of the pups, mechanical stability of the skull). Rodents represent extremely valuable tools for the assessment of principles governing neuronal development, since they are born at a very immature stage of brain development, corresponding to the end of the second gestational trimester in humans, and their brains mature mostly postnatally.
Overcoming the technical problems of in vivo extracellular and patch-clamp recordings in neonatal rats and mice [10, 5] opened remarkable opportunities for the characterization of early rodent activity and its underlying mechanisms. The temporal organization and properties of activity over primary visual (V1), somatosensory (including the barrel field; S1), and prefrontal cortex (PFC) in rodents resembles activity recorded in premature infants (. Fig. 1 ). In the rodent neocortex, transient periods of rhythmic discharge alternate with periods of silence. Here, the dominant activity pattern in rodents is an intermittent network burst associated with spindle-shape field oscillations. This activity has been defined as spindle bursts (SB) and resembles in many aspects the delta-brushes recorded in preterm human neonates. Depending on the cortical region, SB can be accompanied by other patterns of oscillatory activity. During the first postnatal week, only SB appear to be present in V1 [5] . However, they are accompanied by short os-e-Neuroforum 1 · 2013 | cillations in the gamma frequency band and long beta oscillations in the neonatal S1 [19] , and by theta oscillations with superimposed gamma epochs in the neonatal PFC [2] . With ongoing maturation the discontinuous activity switches to continuous rhythms in all cortical areas.
The presence of prominent activity over developing cortical areas leads to the question of its underlying mechanisms and function. Do brain rhythms during development emerge as a byproduct of neuronal maturation and the formation of circuitry, or do they contribute to the establishment of functional communication within the brain? Few studies addressed these questions in humans, mainly focusing on the EEG reactivity of premature infants to external stimuli. Almost 40 years ago, Hrbek and colleagues demonstrated the presence of evoked responses in the visual and somatosensory cortex of premature infants [6] . Later, Milh et al. [13] showed that both sporadic hand and foot movements, and tactile limb stimulation in human neonates at 29-31 postconceptional weeks correlate with delta brushes in the corresponding contralateral cortex. At a similar age in utero, the fetus embeds in the uterus, and through sporadic movements, receives similar tactile signals as the investigated premature infants. Therefore, under these conditions
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Fp2-T8 of limited sensory input from the environment, the sensory feedback resulting from spontaneous fetal movements has been proposed to stimulate early patterns of cortical activity and contribute to the formation of cortical body maps. Remarkably, decreased motility with fewer startles and twitches correlates with poor neurological and behavioral outcome.
For technical and ethical reasons, the mechanisms whereby early patterns of activity shape brain development cannot be elucidated experimentally in premature humans, although recently developed methods have improved the processing of neonatal EEG data [17] . However, due to the similarities between the EEG activity of humans during the second trimester of gestation and the activity patterns of neonatal rodents, rat and mouse pups turned out to be a valuable model for assessing the function of neonatal brain rhythms.
Here we highlight research supporting the role of early oscillatory activity in the maturation of sensory processing and in the functional coupling of neuronal networks required for mnemonic and executive tasks.
Brain rhythms in developing sensory networks: maturation of uni-and multisensory processing
To perceive everyday situations and appropriately interact with our environment, the brain must detect a multitude of sensory stimuli and correctly process them. This detection and processing of information is enabled by the communication of many neural networks at the peripheral, subcortical, and cortical levels. External sensory stimuli acting on peripheral receptors must be converted into internal topographic representations in the cortex, in order to capture all of the spatial information of the stimulus and enable correct processing. To evolve these maps during development, the neural networks have to be precisely connected to each other both anatomically and functionally. This process takes place under the influence of genetic factors and electrical neuronal activity which interact very closely with each other. Genetic factors, such as axon guidance cues, adhesion and recognition molecules participate in the early establishment of a coarse architecture which is a prerequisite for structured neuronal activity. However, with ongoing maturation, the genetically encoded information alone appears unable to govern the further development of neural networks that should adapt to a large variety of environmental conditions. Therefore, the electrical activity is essential to refine the existing coarse connectivity, by shaping the projections and strengthening/pruning the synapses.
Development of sensory systems and their topography relies on both experience-dependent and experience-independent electrical activity (. Fig. 2 ) [9] . The impact of experience-dependent activity during developmental time windows termed as "critical periods" has been extensively demonstrated for all sensory systems. The duration and onset of critical periods vary significantly between brain regions, sensory systems and species, and their definition and restriction to the developmental stage are still at issue. Yet, the relevance of critical periods for the refinement of neuronal networks in accordance with the surrounding environment is widely accepted. Deprivation of normal neural activity during these developmental time windows produces permanent behavioral impairment, whereas deprivation after the critical period has a small, if any, effect on sensory performance. One classic example is the maturation of the visual system and subsequent establishment of visual perception. Both human clinical studies and animal models have shown that monocular deprivation (e.g., occlusion of one eye) only during a defined developmental stage yields a persistent unilateral loss of visual abilities [7] . An infant cataract untreated for 1-2 weeks induces permanent amblyopia in humans, whereas removal of a cataract in adults, even untreated for years, restores normal vision. Similarly, the development of hearing abilities critically depends on normally patterned sound inputs. Exposure of rat pups to pure tones or white noise during the second week of postnatal development led to altered sound representation in the primary auditory cortex. Stimulus deprivation or abnormal sensory input strongly interferes with the refinement of cortical connectivity during the critical period by shifting/modifying neuronal firing.
During the past five decades an impressive number of studies have documented the essential role of experiencedependent activity in the establishment of cortical circuitry responsible for sensory perception. However, comparably little attention has been paid to experience-independent activity and its role in brain maturation. Spontaneously generated activity occurring before the onset of any external sensory input has been described in visual, somatosensory, and auditory sensory systems at peripheral, subcortical, and cortical levels. In accordance with the important role of whiskers in the perception of their environment (object location), rodents express highly ordered maps within a well-defined S1 area that correspond
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to whisker representation at the cortical level. This area, first histochemically highlighted by Woolsey and Van der Loos [18] as rows of barrel-like cell aggregates, was consequently defined as barrel cortex. Each barrel encodes the tactile information from a single whisker on the contralateral muzzle pad by processing the identity of activated afferents, as well as the timing and intensity of activation. The peripheral information is preliminary organized as "barrellets" in the brainstem and "barreloids" in the thalamus.
While barrels form soon after birth, rodent pups do not actively use the whiskers for tactile perception before the end of the second postnatal week. However, around birth the barrel cortex expresses distinct patterns of oscillatory activity. These discontinuous oscillations differ not only in their intrinsic properties, but also in their spatial distribution and dynamics of synchronization [4, 10, 19] . It appears that columnary synchronized activity patterns act as a template for the establishment/refinement of barrels. If the pups do not whisker actively until P14, what are the physiological stimuli that may trigger early oscillations in the barrel cortex via the brainstem and thalamus? Besides olfaction-directed behavior, the initially blind and deaf rat pups modulate and focus their behavior according to whisker-triggered information. Thus, it appears very likely that interactions with the mother (nipple search, huddling, mouthing) or siblings are a source of whisker activation that triggers topographically-synchronized oscillations in the barrel cortex.
The whisker-barrel system is not unique in its ability to process periphery-related information before the onset of corresponding perception. In the case of the developing visual system, retinal ganglion cells (RGCs) fire spontaneously even before the development of photoreceptors and light sensitivity of the retina. The time window and spatiotemporal characteristics of this spontaneous activation argue for the relevance of retinal firing for the refinement of visual pathways. The firing patterns of RGCs, bursts of action potentials separated by quiescent periods, have been extensively characterized in vitro and in vivo and resemble a "wave" traveling over the retina. The crucial question is whether and how this coordinated activity of the retina influences the refinement of visual connectivity and cortical oscillations.
In a pioneering study, Mooney et al. [15] showed that spontaneous retinal activity is transmitted via the optic nerve to the lateral geniculate nucleus (LGN), where it drives bursts of activity. Moreover, retinal waves appear to have an instructive role in the development/refinement of retinogeniculate/retinocollicular connectivity. Additionally, abnormal patterns of retinal activity before the onset of vision have been reported to disturb the establishment of geniculocortical connectivity, and this effect seems to be independent from the defective formation of retinogeniculate projections. Simultaneous in vivo recordings of the retina and V1 demonstrated that retinal bursts trigger SB in the newborn rat [5] .
Interestingly, the spatial distribution of SB mirrors the absence of columnar topography in the V1 of rodents. In species with column-like organization of V1, such as ferrets, retinal waves also shape the segregation of ocular dominance columns (ODC). In light of these findings, it is tempting to speculate on the role of such precisely synchronized and periphery-related activity patterns in developing cortical areas during the precritical period. Blockade of peripheral input in the visual and somatosensory systems led to a diminishment of cortical activity in S1 and V1, respectively. Unfortunately, these manipulations were irreversible and acute. More convincing proof for the mandatory role of early activation of the sensory periphery during precritical periods in the acquisition of corresponding perception would be a reversible blockade confined to the precritical period. Whether this manipulation, followed by a normal critical period, is sufficient to impair the sensory performance and the associated cortical topography remains to be elucidated. On the other hand, no data are available on the function of early peripheral activation and early cortical synchronization during the precritical period in auditory or olfactory systems. Whether they share similar developmental mechanisms as the visual and somatosensory systems is currently unknown.
Several lines of evidence indicate that early cortical activity is not uniquely triggered and modulated from the sensory periphery: 1. disconnection of sensory inputs from the hindlimb by severing the spinal cord led to a diminishment, but not abolishment of cortical activity in S1
[10], 2. oscillations in the barrel cortex of neonatal rats persisted at a lower occurrence after blockade of action potential transmission from the whisker pad, and 3. in the absence of retinal waves, the cortical activity in V1 persisted, although at a lower occurrence and amplitude.
The presence of coordinated activity in sensory cortices after deafferentiation indicates that other endogenous (cortical or subcortical) triggers may contribute to its generation/modulation. One source of oscillatory activity in sensory cortices may be represented by the thalamus. During the first postnatal week, mice showing genetically disrupted retinal waves display abnormal geniculocortical connections, whereas retinogeniculate connections remain intact. As a relay station, the thalamus conveys activity from the periphery to the cortex and it has been shown that thalamic oscillatory activity is tightly correlated with discontinuous oscillations in S1 [10, 14] . Several other subcortical regions (e.g., cholinergic, serotonergic, and dopaminergic nuclei) have been shown to equally contribute to the generation of cortical oscillatory rhythms during neonatal development. On the other hand, oscillatory rhythms may be intrinsically generated within developing primary sensory cortices. Transiently expressed neuronal populations (e.g., subplate neurons) coordinate the neonatal patterns of activity and facilitate their columnar synchronization. This early organization of cortical circuits may contribute to the establishment of adult architecture. In the absence of subplate neurons, ODC failed to form in kitten V1 as the result of an increase in the uncorrelated activity between ingrowing thalamic axons and target cortical neurons in layer IV.
Correct perception of the environment depends not only on reliable unisensory processing, but also requires the integration of different sensory modalities. The interplay of different senses is a very efficient strategy for amplifying behaviorally relevant stimuli [16] . Integration of visual and tactile stimuli into a coherent percept is mandatory for day-to-day life, especially during visually guided actions. This is impressively demonstrated by the perceptual illusion of "rubber arm": a dummy arm aligned with one's own body and tactually stimulated together with the own hand is perceived as belonging to one's own body [1] . Originally it was assumed that the integration of inputs across senses follows hierarchically organized pathways and mainly involves higher cortical areas and some subcortical nuclei. However, recent data revealed cross-modal activation in the primary sensory cortices, which have traditionally been considered as sensory specific. At adulthood, this activation relies on the modulation of oscillatory activity in the primary sensory cortices. Simultaneous presentation of two stimuli shapes the power and phase of oscillatory activity, enabling flexible modulation of the response's strength.
In contrast to unisensory development, the maturation of multisensory processing is less well understood (. Fig. 2) . However, the available data indicate that it also requires experience-dependent electrical activity during defined periods of development ("critical periods"). For example, people with a congenital binocular cataract are deprived of normal visual patterns, which results in reduced audiovisual interaction (audiovisual speech perception) in later life, despite normal visual skills. Spatial information contained in multisensory stimuli is combined and mapped to a cross-modal internal reference system in a comparable way to that seen in unisensory networks. However, it is unclear whether spontaneous, experience-independent activity plays a similar role in the development of cross-modal cortical maps as has been shown for the development of unisensory topography.
Brain rhythms in developing "cognitive" networks: maturation of mnemonic and executive abilities
While patterns of electrical activity control the maturation of sensory systems, their contribution to the development of neuronal networks responsible for cognitive processing is less well elucidated. In the adult brain, several cortical and subcortical regions are activated during learning or memory tasks. In particular, functional coupling between the PFC and hippocampus (HP) is mandatory, with their oscillatory rhythms timing the neuronal firing and acting as an efficient neural code for different memory items [12] .
Taking into account the different principles of function, structural organization and ontogeny of the PFC and HP when compared to sensory systems, the ques- tion arises whether the maturation mechanisms of prefrontal-hippocampal networks differ from those described above. Both the PFC and HP of rodents express discontinuous patterns of oscillatory activity during the first postnatal week. According to their frequency distributions, some of these patterns are characteristic of the PFC and HP (. Fig. 3) . The oscillatory activity in the neonatal PFC is driven by hippocampal activity in the theta frequency range [2] . With ongoing maturation, adult-like continuous oscillatory activity emerges and mutually entrains the pre-juvenile prefrontal-hippocampal networks. The age-dependent reliance of oscillatory activity in the PFC on the hippocampal rhythms supports the presence of critical time windows of maturation for the neuronal networks involved in cognitive processing. One can speculate that in the absence of the hippocampal drive, the wiring of the PFC is delayed or impaired. The consequence might be decreased mnemonic performance. This hypothesis remains to be confirmed by a causal link between early activity patterns during defined periods of development and later behavioral performance. Recent data revealed that impairment of the functional coupling between the PFC and HP during neonatal development leads to poorer recognition memory performance of prejuvenile rodents.
As for sensory systems, it is very likely that the oscillatory rhythms within neuronal networks responsible for cognitive processing are not triggered and/or modulated by a single process (e.g., hippocampal drive), but by multiple mechanisms. To enable optimal flexibility of information processing, the PFC, which is unidirectionally driven by hippocampal theta, must give feedback to the HP. Since this does not occur directly, other brain regions, such as the entorhinal cortex or some thalamic nuclei might be involved. On the other hand, neuromodulatory inputs from the cholinergic forebrain, serotonergic raphe nucleus and dopaminergic ventral tegmental area, which control the function of adult prefrontal-hippocampal networks, may equally shape their maturation. Indeed, ingrowing cholinergic projections boost gamma oscillations in the neonatal PFC by acting on muscarinic receptors, and mediate the transition from slow high-amplitude to fast lowamplitude continuous rhythms in prejuvenile prefrontal-hippocampal networks (. Fig. 3 ).
Outlook
Based on several examples, we have attempted to highlight the contribution of early brain rhythms in the development of connectivity and the emergence of specific functions. This initial experimental evidence is largely correlative, and the causal link between interference with neonatal patterns of oscillatory activity and later brain architecture and behavior remains to be elucidated. Interestingly, substantial effort is currently underway to understand the role of early brain rhythms in neurological and neuropsychiatric disorders. Several disorders, such as schizophrenia, originate during early development, and are associated with symptoms which become visible at adulthood and correlate with abnormal synchronization and communication between different brain areas. It is tempting to speculate that the pathology of the disease relates to abnormal maturation of corresponding neuronal networks under the influence of modified brain rhythms. Future investigations will enable us to better listen to the fascinating melody of the neonatal brain. 
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